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The humoral immune response to rhesus rotavirus (RRV) VP4 and its cleavage products VP5* and VP8* was
determined in paired serum samples from 44 infants vaccinated with RRV or human rotavirus-RRV
reassortants and 5 placebo recipients. Our aim was to try to measure the response to those regions of VP4 most
closely related to protection. An enzyme-linked immunosorbent assay (ELISA) was used to measure the
immunoglobulin G immune response to baculovirus-expressed full-length RRV VP4, full-length VP8*, and the
amino-terminal polypeptide of VP5* called VP5*(1) (amino acids 248 to 474). The two antigenic regions of VP4
selected for study, VP5*(1) and VP8*, have previously been shown to contain most of the cross-reactive and
strain-specific neutralization epitopes, respectively, while the remaining carboxy-terminal half of VP5* (amino
acids 475 to 776) has not been clearly associated with neutralization. All three recombinant proteins were
antigenically conserved, since they reacted with a library of neutralizing monoclonal antibodies directed at
VP4. There was a high percentage of seroresponders to VP4 (61%) or to VP8* (52%), but fewer infants
seroresponded to VP5%(1) (11%). In addition, infants responding to VP5*(1) had considerably lower titers than
to VP4 or VP8*. Immune response to VP4 correlated strongly with the responses detected by the plaque
reduction neutralization assay but did not correlate with the responses detected by the ELISA to whole RRV.
These data imply that the VP5*(1) region is less immunogenic than the VP8* region of VP4 in infants
immunized with RRV or RRYV reassortants. The low immunogenicity of VP5* might adversely affect the

efficacy of RRV vaccine candidates.

Rotaviruses have two outer capsid proteins, VP4 and VP7,
which are involved in viral neutralization (12, 14, 16, 31, 44).
VP7, usually the product of gene 9 (12, 19), is the major
surface glycoprotein (23) and is the primary determinant of
viral serotype (13, 19, 30). VP4 (86.5 kDa) is the product of
gene 4 (1, 18, 27), forms a spike-like structure which pro-
trudes from the viral surface by more than 10 nm (34, 35, 48),
and is the viral hemagglutinin (18). VP4 is cleaved by trypsin
to VP8* (27 kDa) and VP5* (60 kDa), resulting in an increase
in viral infectivity (6). Antibodies to either VP7 or VP4
actively protect pigs against homologous challenge (15). In
addition, antibodies to VP7 and to either of the two proteo-
Iytic products of VP4 have been shown to passively protect
mice against heterologous rotavirus challenge (28, 32). By
using monoclonal antibodies (MAbs) in vitro, it has been
possible to identify both homotypic and heterotypic neutral-
ization domains on both VP4 and VP7; however, neutraliz-
ing antibodies to VP7 tend to be serotype specific (5, 30),
while antibodies to the VP5* region of VP4 are generally
cross-reactive (27, 43), and antibodies to the VP8* region of
VP4 are mostly strain specific (20, 27).

The relative immunogenicities of VP5* and VP8* follow-
ing infection of humans with human or animal rotavirus

* Corresponding author.

+ Permanent address: Departamento de Biologia Molecular, In-
stituto de Biotecnologia, UNAM, Apartado Postal 510-3, Colonia
Miraval, Cuernavaca, Morelos 62271, Mexico.

1392

strains has not been elucidated. In one study, Svensson et al.
were able to detect antibodies to VP5* but not to VP8* by
using a radioimmunoprecipitation assay on serum samples
from children infected with rotavirus (41). An understanding
of the immunogenicities of VP5* and VP8* following infec-
tion might improve our ability to predict the degree of
heterotypic versus strain-specific inmunity that a candidate
vaccine may confer.

We addressed the question of the relative immunogenici-
ties of VP4, VP5*, and VP8* by developing an enzyme-
linked immunosorbent assay (ELISA) which used three
baculovirus-expressed recombinant rhesus rotavirus (RRV)
proteins, VP4, VP8*, and an amino-terminal fragment of
VP5* named VP5*(1) (amino acids 248 to 475 of VP4), to
measure the serum immunoglobulin G (IgG) response in
infants vaccinated with RRV or human rotavirus-RRYV reas-
sortants.

MATERIALS AND METHODS

Serum specimens. Forty-nine paired serum samples from
infants who had participated in phase 1 rotavirus vaccine
trials from 1986 to 1989 at the University of Maryland were
studied. Thirty-one infants were under 8 months of age, 5
were 8 to 12 months, and 13 were 12 to 22 months old. The
serum specimens had been collected 1 day before or on the
day of vaccination or 28 days after oral administration of
placebo, RRV (serotype G3) vaccine, monovalent human
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rotavirus-RRV reassortant vaccines (D X RRYV, serotype
G1; DS1 x RRV, serotype G2; or ST3 x RRV, serotype G4),
or quadrivalent vaccine consisting of equal amounts of RRV
and each of the three reassortants. Each reassortant derived
the VP7 gene from the human rotavirus parent and the
remaining 10 genes from RRV (29). Monovalent vaccines
were given at a dose of 10* PFU, and quadrivalent vaccine
was given at a dose of 10* PFU for each component.

From the more than 200 vaccinees and placebo recipients
who participated in these trials, paired serum samples from
30 seroresponders and 14 nonseroresponders in the plaque
reduction neutralization (PRN) test and from 5 placebo
recipients were included in this study.

Cells and viruses. Wild-type Autographa californica nu-
clear polyhedrosis virus (Baculoviridae) or recombinant
strains expressing VP4, VP5*(1), or VP8* were grown as
described previously (7, 25) in Spodoptera frugiperda Sf-9
cells in Excell 400 medium (JR Scientific, Woodland, Calif.).

As a source of antigen for the ELISA, cells infected with
wild-type, VP5*(1)-, or VP8*-expressing strains were resus-
pended in 50 mM Tris-HCl (pH 7.4) containing 1 mM
phenylmethylsulfonyl fluoride and sonicated for 30 s at 40
W. Cell supernatant from the VP4-expressing strain was
treated with phenylmethylsulfony! fluoride and used without
further treatment. Cell supernatant from the VP4-expressing
strain has been found to contain significant amounts of VP4
(25), while VP8* and VP5*(1) are not found in significant
amounts in the supernatant of cells infected with the appro-
priate baculovirus strains (7, 8).

VP4, VP5%(1), and VP8* ELISA. Immulon 2 (Dynatech
Laboratories, Inc., McLean, Va.) microtiter plates were
coated with a predetermined dilution of antigen in phos-
phate-buffered saline containing 0.05% sodium azide (PBS-
Az). After overnight incubation at 4°C, the plates were
washed twice with PBS-Az and blocked with 10% fetal
bovine serum in PBS-Az for 12 to 24 h at 4°C (all further
washings were done with PBS-Az, and all incubations were
done with 5% fetal bovine serum in PBS-Az, unless other-
wise indicated). The plates were then washed twice and
duplicate wells were incubated with serial twofold dilutions
of human serum samples for 2 h at 37°C. After the plates
were washed four times, alkaline phosphatase-conjugated
goat anti-human IgG (Kirkegaard & Perry Laboratories,
Gaithersburg, Md.) was added and incubated for 1 h at 37°C.
After the plates were washed four times, the substrate (1 mg
of p-nitrophenylphosphate per ml in 1 mM MgCl,-1% dieth-
anolamine buffer [pH 9.8]) was added, the plates were
incubated for 1 h at 37°C, and the A,,, was read in an
automatic ELISA plate reader (Bio-Tek model EL-310). All
serum samples were tested once, and results are expressed
as the average A,,, for duplicate wells.

When the assay was done on plates coated with control
antigen (from cells infected with wild-type baculovirus), the
mean A, value obtained with the lowest dilution of all pre-
and postvaccination sera was 0.079, with a standard devia-
tion of +0.056 (control standard deviation). The titer against
VP4, VP5*(1), or VP8* was defined as the highest dilution of
serum giving an A,,, at least two control standard deviations
higher than the value obtained with the same dilution of
serum on the control plate. Seroresponse was defined as a
titer increase of at least fourfold.

In order to control the relative amounts of the three
recombinant proteins used to coat the ELISA plates, two
neutralizing MAbs specific for either of the two trypsin
cleavage products of VP4 (MAb M2, specific for VP5*, and
MAb 7A12, specific for VP8*) (27) were selected from a
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larger panel of anti-VP4 neutralizing MAbs, such that excess
amounts of each MADb produced a similar 4,,, reading (1.0 +
0.4) when excess amounts of each MAb were used to
develop VP4-coated plates. The MAbs selected were con-
sidered to have similar avidities, since excess amounts of
each MAD produced similar readings when assayed on plates
coated with equimolar amounts of VP5* and VP8*, i.e.,
coated with VP4.

MAbs 7A12 and M2 were then used to select the concen-
tration of the coating antigens VP4, VP5*(1), and VP8* that
produced comparable A4,,, readings (1.0 = 0.4) with their
corresponding MAbs when run simultaneously. It was found
that the assay was relatively insensitive to antigen dilution,
i.e., plateau absorbances characteristic of each batch of the
protein of interest were obtained over a wide range of
dilutions. This apparent insensitivity to antigen concentra-
tion is presumably the result of using nonpurified antigen, in
which case the maximum signal obtainable is determined by
the ratio of the recombinant to Sf-9 cell-derived proteins. As
a result, the concentrations of the coating proteins were
indirectly selected by assaying several batches of the pro-
teins of interest (at a single dilution of 1:100) and then
selecting those that produced the target A,,,, rather than
directly selecting the concentration of those proteins by
testing single batches at different dilutions.

PRN. PRN and IgG ELISA tests with whole, nonpurified
RRYV were done as described previously (17, 24).

Statistic analysis. McNemar’s test for correlated rates (a
modified chi-squared test) was used to analyze the differ-
ences between the rates of seroresponse as determined by
the various methods (36). Since the chi-squared test requires
each of the measurements to be independent, and two
measurements on a serum sample from the same individual
are not independent, McNemar’s test rearranges the 2 X 2
contingency table in order not to count twice the measure-
ments obtained for the same individual. In addition, a test of
significance based on the coefficient of correlation r (2) was
used.

RESULTS

Description of the method. In order to analyze the immune
response to RRV VP4 and the two trypsin cleavage products
of VP4, we developed an ELISA based on the use of
baculovirus-expressed full-length VP4 (776 amino acids),
full-length VP8* (247 amino acids), and a fragment of VP5*
named VP5*(1), which contains the amino-terminal 227
amino acids of VP5*. Neutralization epitopes on all three
recombinant proteins are conserved, since they reacted with
a library of neutralizing MAbs and have been demonstrated
to be able to induce neutralizing antibodies in parenterally
immunized animals (7, 8, 25).

Of the 44 vaccinated infants studied, 36 were given RRV
(serotype G3) and 8 were given human rotavirus-RRYV reas-
sortants: 2 each received D X RRV (serotype G1), DS1 x
RRYV (serotype G2), ST3 x RRV (serotype G4), and the
quadrivalent vaccine RRV(TV), consisting of equal amounts
of RRV and each of the three reassortants. Each of the
vaccine formulations contained VP4 derived from RRV.
Hence, in this study, only homologous immune responses to
RRYV VP4 were investigated.

IgG immune response to VP4, VP5*(1), and VP8*. The
ELISA titers for IgG to RRV VP4, VP5*(1), and VP8*,
ELISA titers for IgG to RRV (whole nonpurified virus), and
PRN titers to RRV for 44 vaccinated infants and five placebo
recipients are shown in Table 1.
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TABLE 1. Immune responses as measureed by IgG ELISA to baculovirus-expressed RRV proteins VP4, VP5*(1), and VP8*; by IgG
ELISA to whole-virus RRV; and by PRN of RRV in pre and postinfection serum samples from 44 infants vaccinated
with RRV or human rotavirus-RRV reassortants and in five infants who received placebo

Reciprocal IgG ELISA titer”:

IgG ELISA titer” to PRN titer”
I[:lf:nt Vaccine? VP4 VP5* (1) VP8* RRV (WhOlC Vil'l.lS) to RRV

Pre Post Pre Post Pre Post Pre Post Pre Post
1 RRV - - - - - - 1,600 3,200 - 80
2 RRV 100 1,600 - - - 800 3,200 3,200 40 320
3 RRV - 1,600 - - - 400 400 6,400 - 320
4 RRV 100 200 - - - - 6,400 6,400 40 80
5 RRV 100 400 - - - - 6,400 3,200 40 160
6 RRV - 1,600 - - - 400 3,200 3,200 - 1,280
7 RRV - - - - - - 1,600 3,200 40 40
9 RRV 100 100 - - - - 1,600 6,400 40 40
10 RRV - 1,600 - - - 200 10 40 + 640
11 RRV 400 400 - - 200 100 40 320 80 80
12 RRV - 3,200 - 200 - 3,200 - 40 * 2,560
13 RRV - 6,400 - - - 1,600 40 160 * 2,560
14 RRV - 3,200 - 100 - 1,600 - 80 + 2,560
15 RRV - 12,800 - 100 - 3,200 20 10 + 2,560
16 RRV - 400 - - - 100 - - + 640
17 RRV - 3,200 - 100 - 1,600 40 10 + 2,560
18 RRV - 6,400 - 200 - 3,200 - 40 + 2,560
19 RRV - 1,600 - - - 400 NT* NT - 320
20 RRV - 1,600 - - - 400 NT NT - 320
21 RRV - 800 - 100 - 200 NT NT - 1,280
22 RRV - 3,200 - 200 - 1,600 NT NT 1,280
23 RRV - 800 - - - 400 NT NT - 80
24 RRV - - - - - - 1,600 3,200 - 80
25 RRV - - - - - - 6,400 3,200 80 320
26 RRV - - - - - - 1,600 3,200 40 40
27 RRV - - - - - - 1,600 6,400 40 40
28 RRV 200 - - - 200 - 100 200 40 80
29 RRV - - - - - - 1,600 1,600 80 80
30 RRV - - - - - - 3,200 100 40 40
31 RRV - 400 - - - - 40 200 40 320
32 RRV - 6,400 - 200 - 1,600 1,600 800 40 1,280
33 RRV - 800 - - - 200 800 3,200 80 320
34 D x RRV - - - - - - 800 400 40 40
35 RRV - 1,600 - - - 800 200 3,200 80 320
36 ST3 x RRV - 200 - - - - 200 + 40 40
37 DS1 x RRV - 1,600 - - - 400 ES 3,200 40 320
38 RRV 100 100 - - 100 - 400 400 - 40
39 RRV(TV) - 1,600 - - - 800 800 3,200 80 1,280
40 RRV(TV) 400 1,600 - - - 800 3,200 3,200 80 320
41 D X RRV - 6,400 - 800 - 1,600 3,200 3,200 - 320
42 D x RRV - 1,600 - - - 400 + 50 - 160
43 RRV - - - - 100 - + 100 - 80

44 RRV - - - - - - 200 + - -
45 DS1 x RRV 100 - - - - - + 100 - 40
8 Placebo 200 200 - - 200 100 3,200 3,200 40 40
A Placebo 100 100 - - - - NT NT 80 40
B Placebo - - - - - - NT NT 320 320

C Placebo - - - - - - NT NT + x

D Placebo - - - - - - NT NT + =

@ Infants were administered RRV vacine (serotype G3) or human rotavirus-RRV monoreassortants D X RRV (serotype G1), DS1 x RRYV (serotype G2), or ST3
X RRYV (serotype G4), a quadrivalent mixture with equal amounts of the above [RRV(TV)], or placebo.

b — and *, negative serum samples; IgG ELISA titers to recombinant proteins were <100 (—); IgG ELISA titers to whole RRV were either <10 (—) or <50
(£); and PRN titers to RRN were either <40 (—) or <80 (*). Boldface type indicates fourfold or greater seroresponse.

€ NT, not tested.

The infants had wvarious levels of antibodies in their
prevaccination serum samples, as assayed with the different
methods: 32 were positive by ELISA to whole RRV, 24 were
positive by PRN to RRV, 11 were positive by ELISA to
VP4, and 5 were positive by ELISA to VP8*. Most of the
prevaccination antibodies are likely to be of maternal origin,
considering the young age of the infants.

Of the 44 vaccinated infants, 30 (68%) seroresponded by
PRN and 16 (36%) seroresponded by ELISA to whole RRV,
while by ELISA to the recombinant proteins, 27 (61%)
infants seroresponded to VP4, 23 (52%) seroresponded to
VP8*, and only 5 (11%) seroresponded to VP5*(1). The
number of seroresponders to either VP4 or VP8* by ELISA
was not significantly different from the number of serore-
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sponders by PRN (P < 0.005) but was higher than the
number of seroresponders to VP5*(1) (P < 0.005). Corre-
spondingly, the geometrical mean titers (GMTs) of the
postvaccination serum samples to VP4 (GMT = 491) or to
VP8* (GMT = 220) were higher than the GMT to VP5*(1)
(GMT = 64) by factors of 7.6 and 3.4, respectively.

The coefficients of correlation between the PRN results,
considered the gold standard, and those with the other
serologic methods were calculated. Extremely good corre-
lation was observed between PRN and ELISA postvaccina-
tion titers to VP4 (r = 0.730, P <0.0005) and VP8* (r =
0.854, P < 0.0005). On the other hand, in spite of being
barely detectable, the postvaccination titers to VP5*(1)
detected by IgG ELISA still had a low level of positive
correlation with PRN results, but without statistical signifi-
cance (r = 0.195, P < 0.05). This is in sharp contrast with the
lack of positive correlation observed between PRN and IgG
ELISA to the whole virus particles (r = —0.358, P < 0.025).

Responses to RRV VP4 were not obviously different
between the vaccinees receiving RRV, monoreassortants, or
the quadrivalent vaccine.

DISCUSSION

Antibodies to VP4 and VP7 have been shown to neutralize
rotavirus in vitro and to mediate protection in animal model
systems (5, 14, 15, 28, 32, 44). Unfortunately, it is unclear
what the role of these proteins is in mediating protective
immunity in the field and in stimulating homotypic and
heterotypic immunity (3, 33, 41, 46, 47). It is also unclear
what the relative contributions of the two proteolytic frag-
ments of VP4 are in this immunologic equation.

In order to develop tools with which to address questions
concerning the relative role of immunity to each of the
rotavirus surface proteins in mediating protection, we have
developed an assay to measure the specific immune response
to individual rotavirus proteins or to fragments of rotavirus
proteins containing selected neutralization domains. We
have used baculovirus-produced recombinant rotavirus an-
tigens as targets to measure the immune response to full-
length VP4 as well as the two proteolytic fragments of VP4,
VP5* and VP8*. Prior studies with a library of neutralizing
MADbs have demonstrated that most, if not all, of the known
VP4 epitopes involved in neutralization are preserved on
these baculovirus recombinant rotavirus proteins (7, 8, 25).

Studies of the immune response to specific rotavirus
proteins in young children have frequently been complicated
by the fact that the virus used as a test antigen is distinct
from the virus that actually infected the child (3, 41). This
methodologic problem is made more acute when the re-
sponse to serotypically distinct domains, such as those
found on VP4 and VP7, is under study (3, 46, 47). For
example, the failure of Svensson et al. to detect responses to
serotypically diverse VP8* (41) may be the result of sero-
logic differences between his test strains and the viruses
actually infecting the patients under study. To avoid this
potential problem, we studied the immune response to
recombinant RRV VP4 in infants specifically vaccinated
with rhesus rotavirus. This has allowed us to directly mea-
sure the homologous response to a specific VP4 molecule.
The findings are of additional importance because the RRV
VP4 protein is included in both RRV and the reassortant
human rotavirus-RRV candidate vaccines currently under
study in several countries. However, RRV is a simian virus,
and it is highly attenuated in humans. It remains to be seen
whether the responses to RRV VP4, VP8* and VP5*
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described in this study accurately reflect the responses to
VP4 that occur in children infected with virulent or attenu-
ated human rotavirus strains.

The immune response to RRV VP4 was frequent, even
when it was administered to infants. Seventy-seven percent
of the infants who had any evidence of RRV infection
demonstrated a significant response to VP4, and 87% of the
infants with detectable PRN responses also seroresponded
to recombinant VP4. It is likely that most of the infants we
studied were undergoing primary rotavirus infections, since
most did not have serum responses to whole rotavirus
particles of a magnitude associated with a secondary re-
sponse, and 70% of the infants were under 8 months of age.
The high rate of response to VP4 that we observed is in
agreement with previous results obtained by radioimmuno-
precipitation (41), competition ELISA (10), and neutraliza-
tion of reassortant viruses (33, 47), but different from those
obtained by Western immunoblots (37) or by neutralization
of reassortant viruses (46). These differences can probably
be ascribed to the use of heterologous viruses or reassortants
that are partially heterologous and to differences in the assay
systems used. As suggested by Richardson et al., the West-
ern blot studies might be expected to underestimate VP4
responses (37), while interpretation of neutralization assays
with various reassortants might be complicated by unex-
pected interactions between VP4 and VP7.

Using a MAD directed at an immunodominant neutraliza-
tion epitope on VP5*, Shaw et al. determined that 10 of 24
(41.7%) children vaccinated with RRV developed antibodies
that competed with the monoclonal for binding to the virus
(38), and Taniguchi et al., by using the same method, found
a similar rate of response (10 of 19 [52.6%]) to heterotypic
neutralization epitopes on VP5* in children either naturally
infected with rotavirus or vaccinated with RRV (45); how-
ever, the heterotypic responses observed by Taniguchi et al.
occurred only when children possessed antibody to any
serotype of rotavirus in their acute-phase or prevaccination
serum samples. Svensson et al. also detected frequent sero-
responses to VP5* by radioimmunoprecipitation (41). In the
current study, we observed that fewer (11%) vaccinees
(most of them presumably undergoing primary infections)
developed antibodies to VP5*(1). Since the VP5*(1) was
truncated and was lacking the carboxy half of the VP5*
molecule, these differences may be due to the failure of our
assay to measure antibody to all regions of the VP5*
molecule. Since the carboxy terminus of VP5* has not been
associated with neutralization, immune response to this
region may not be significant, however. It is also likely that
the patient population studied by Shaw et al. and Svensson
et al. might have included more children with secondary
responses in whom there was greater response to VP5*.
Alternatively, it seems possible, but less likely, that the
competition ELISA and the immunoprecipitation assay were
more sensitive than the recombinant-protein-based ELISA.
Comparison of the sensitivity of our assay and that of the
competition ELISA is complicated, however, by the possi-
ble contribution to the latter of antibodies directed to non-
related epitopes on the same or even on different proteins.
The direct ELISA has the advantage of being very simple to
run in large numbers and being able to measure responses to
a whole protein rather than a specific epitope. The relative
utility of the competition assay and the direct assay for
evaluating the immunity of individuals will need to be
studied directly.

The response to RRV measured by PRN correlated ex-
tremely well with serum IgG response to VP4 or VP8* but
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did not correlate with the response to whole virus as
detected by ELISA. The neutralization assay measures a
combination of responses to VP4 and VP7, while the whole-
virus ELISA primarily measures the response to VP6, as
indicated by the finding that most hybridomas obtained after
immunizing mice with double-shelled rotavirus and screened
by ELISA or solid-phase radioimmunoassay as the primary
screening technique have been observed to be directed to
VP6 (11, 40), whereas a small number have been observed to
be neutralizing (4, 22). It remains to be determined how
useful the VP4 ELISA will be as a surrogate assay to study
the neutralization response to RRV vaccination in other field
studies, but this initial study appears promising.

In this study, we did not measure the response to VP7.
Studies from several laboratories have indicated that the
primary neutralization domain of VP7 is composed of sev-
eral distinct and nonlinear coding sequences from at least
two parts of the molecule (26, 39, 42). To date, it is unclear
whether this conformation-dependent VP7 neutralization
domain is present on any recombinant VP7 protein. An
ELISA designed to measure the immyne response to VP7
would be most useful if the VP7 recombinant antigen con-
tained the major VP7 neutralization gpitope. Studies to
measure the response to VP7 by using f¢combinant protein
are under way in our laboratory. )

We were surprised to find that the frequency of response
to VP8* was about the same as the response to full-length
VP4 but that the immune response to VP5*(1) was substan-
tially less frequent. This is not likely to be due to poor
preservation of the antigenicity of the recombinant VP5*(1),
since this construct reacts with several neutralizing MAbs
and has been shown to be able to induce neutralizing
antibodies in immunized animals (8). We specifically de-
signed our assay to include only that portion of VP5*
previously linked to neutralization epitopes in order to
optimize the correlation of ELISA response with neutraliza-
tion response. While it is possible that use of a full-length
VP5* molecule might have detected more seroresponses, the
antigens found on the carboxy-terminal half of VP5* have
not been clearly associated with neutralization (9, 27). Our
aim was to try to measure the response to the regions of VP4
most closely related to protection.

It has been demonstrated by several groups that the
epitopes on VP8* are mostly strain specific, while those on
VP5* are mostly cross-reactive (21, 27, 43). Our findings
indicate that infection with viruses containing RRV VP4
primarily stimulates an immune response to VP8*. Unfortu-
nately, an immune response to RRV VP8* seems highly
unlikely to induce protective immunity to human rotavirus
strains. Taniguchi et al. recently suggested that cross-reac-
tive neutralization epitopes on VP5* are weakly immuno-
genic after either vaccination or natural primary rotavirus
infections (45). A low-level immune response to VP5* might
be improved by primary vaccination with recombinant VP5*
or VP4. Since neutralizing antibodies recognizing VP5* are
frequently cross-reactive, immunization with VP5* might be
expected to lead to a more cross-reactive immune response.

We anticipate that immunoassays with recombinant hu-
man rotavirus VP4 or other rotavirus proteins could be used
to study the specificity and magnitude of the immune re-
sponse to individual rotavirus proteins in infants naturally
infected with rotavirus. In such an assay, the use of recom-
binant proteins from a strain homologous to the infecting
virus would be most revealing. It will be important to
determine whether the immune response to human rotavirus
infection is quantitatively and qualitatively similar to the
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response to heterologous infection with RRV. The extended
replication of the homologous virus might enhance VP5*-
directed immunity and hence promote a more heterotypic
response.

ACKNOWLEDGMENTS

We thank Guillermina Yankelevich and Kelvin Lee for advice
related to the statistical analysis.

This work was supported by grants from the Thrasher Research
Fund, the Veterans Administration, and the National Institutes of
Health (AI 213620006). Luis Padilla-Noriega was supported in part
by the Rockefeller Fund (RF 8704090013).

REFERENCES

1. Arias, C. F., S. Lépez, and R. T. Espejo. 1982. Gene protein
products of SA11 simian rotavirus genome. J. Virol. 41:42-50.

2. Brown, B. W., Jr., and M. Hollander. 1977. Statistics: a
biomedical introduction, p. 261-307. John Wiley & Sons, Inc.,
New York.

3. Briisow, H., P. A. Offit, G. Gerna, A. Bruttin, and J. Sidoti.
1990. Polypeptide specificity of antiviral serum antibodies in
children naturally infected with human rotavirus. J. Virol.
64:4130-4136.

4. Coulson, B. S., K. J. Fowler, R. F. Bishop, and R. G. Cotton.
1985. Neutralizing monoclonal antibodies to human rotavirus
and indications of antigenic drift among strains from neonates.
J. Virol. 54:14-20.

5. Coulson, B. S., J. M. Tursi, W. J. McAdam, and R. F. Bishop.
1986. Derivation of neutralizing monoclonal antibodies to hu-
man rotaviruses and evidence that an immunodominant neutral-
ization site is shared between serotypes 1 and 3. Virology
154:302-312.

6. Estes, M. K., D. Y. Graham, and B. B. Mason. 1981. Proteolytic
enhancement of rotavirus infectivity: molecular mechanisms. J.
Virol. 39:879-888.

7. Fiore, L., H. B. Greenberg, and E. Mackow. 1991. The VP8
fragment of VP4 is the rhesus rotavirus hemagglutinin. Virology
181:553-563.

8. Fiore, L., H. B. Greenberg, and E. R. Mackow. Unpublished
data.

9. Gorziglia, M., G. Larralde, and R. L. Ward. 1990. Neutraliza-
tion epitopes on rotavirus SA1l 4fM outer capsid proteins. J.
Virol. 64:4534-4539.

10. Green, K. Y., K. Taniguchi, E. R. Mackow, and A. Z. Kapikian.
1990. Homotypic and heterotypic epitope-specific antibody re-
sponses in adult and infant rotavirus vaccinees: implications for
vaccine development. J. Infect. Dis. 161:667-679.

11. Greenberg, H., V. McAuliffe, J. Valdesuso, R. Wyatt, J. Flores,
A. Kalica, Y. Hoshino, and N. Singh. 1983. Serological analysis
of the subgroup protein of rotavirus, using monoclonal antibod-
ies. Infect. Immun. 39:91-99.

12. Greenberg, H. B., J. Flores, A. R. Kalica, R. G. Wyatt, and R.
Jones. 1983. Gene coding assignments for growth restriction,
neutralization, and subgroup specificities of the Wa and DS-1
strains of rotavirus. J. Gen. Virol. 64:313-320.

13. Greenberg, H. B., A. R. Kalica, R. G. Wyatt, R. W. Jones, A. Z.
Kapikian, and R. M. Chanock. 1981. Rescue of non-cultivatable
human rotaviruses by gene reassortment during mixed infection
with ts mutants of a cultivatable bovine rotavirus. Proc. Natl.
Acad. Sci. USA 78:420-424.

14. Greenberg, H. B., J. Valdesuso, K. van Wyke, K. Midthun, M.
Walsh, V. McAuliffe, R. G. Wyatt, A. R. Kalica, J. Flores, and
Y. Hoshino. 1983. Production and preliminary characterization
of monoclonal antibodies directed at two surface proteins of
rhesus rotavirus. J. Virol. 47:267-275.

15. Hoshino, Y., L. J. Saif, M. M. Sereno, R. M. Chanock, and A. Z.
Kapikian. 1988. Infection immunity of piglets to either VP3 or
VP7 outer capsid protein confers resistance to challenge with a
virulent rotavirus bearing the corresponding antigen. J. Virol.
62:744-748.

16. Hoshino, Y., M. M. Sereno, K. Midthun, J. Flores, A. Z.
Kapikian, and R. M. Chanock. 1985. Independent segregation of



VoL. 30, 1992

17.

18.

19.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31.

32.

two antigenic specificities (VP3 and VP7) involved in neutrali-
zation of rotavirus infectivity. Proc. Natl. Acad. Sci. USA
82:8701-8704.

Hoshino, Y., R. G. Wyatt, H. B. Greenberg, J. Flores, and A. Z.
Kapikian. 1984. Serotypic similarity and diversity of rotaviruses
of mammalian and avian origin as studied by plaque-reduction
neutralization. J. Infect. Dis. 149:694-702.

Kalica, A. R., J. Flores, and H. B. Greenberg. 1983. Identifica-
tion of the rotaviral gene that codes for hemagglutination and
protease-enhanced plaque formation. Virology 125:194-205.
Kalica, A. R., H. B. Greenberg, R. G. Wyatt, J. Flores, M. M.
Sereno, A. Z. Kapikian, and R. M. Chanock. 1981. Genes of
human (strain Wa) and bovine (strain UK) rotaviruses that code
for neutralization and subgroup antigens. Virology 112:385-390.
Kitaoka, S., N. Fukuhara, F. Tazawa, H. Suzuki, T. Sato, T.
Konno, T. Ebina, and N. Ishida. 1986. Characterization of
monoclonal antibodies against human rotavirus hemagglutinin.
J. Med. Virol. 19:313-323.

Kobayashi, N., K. Taniguchi, and S. Urasawa. 1990. Identifica-
tion of operationally overlapping and independent cross-reac-
tive neutralization regions on human rotavirus VP4. J. Gen.
Virol. 71:2615-2623.

Lambert, J. P., P. Marbehant, D. Marissens, and G. Zissis. 1984.
Monoclonal antibodies directed against different antigenic de-
terminants of rotavirus. J. Virol. §1:47-51.

. Liu, M., P. A. Offit, and M. K. Estes. 1988. Identification of the

simian rotavirus SAll genome segment 3 product. Virology
163:26-32.

Losonsky, G. A., M. B. Rennels, Y. Lim, G. Krall, A. Z.
Kapikian, and M. M. Levine. 1988. Systemic and mucosal
immune responses to rhesus rotavirus vaccine MMU 18006.
Pediatr. Infect. Dis. J. 7:388-393.

Mackow, E. R., J. W. Barnett, H. Chan, and H. B. Greenberg.
1989. The rhesus rotavirus outer capsid protein VP4 functions
as a hemagglutinin and is antigenically conserved when ex-
pressed by a baculovirus recombinant. J. Virol. 63:1661-1668.
Mackow, E. R., R. D. Shaw, S. M. Matsui, P. T. Vo, D. A.
Benfield, and H. B. Greenberg. 1988. Characterization of homo-
typic and heterotypic VP7 neutralization sites of rhesus rotavi-
rus. Virology 165:511-517.

Mackow, E. R., R. D. Shaw, S. M. Matsui, P. T. Vo, M. N.
Dang, and H. B. Greenberg. 1988. The rhesus rotavirus gene
encoding protein VP3: location of amino acids involved in
homologous and heterologous rotavirus neutralization and iden-
tification of a putative fusion region. Proc. Natl. Acad. Sci.
USA 85:645-649.

Matsui, S. M., P. A. Offit, P. T. Vo, E. R. Mackow, D. A.
Benfield, R. D. Shaw, L. Padilla-Noriega, and H. B. Greenberg.
1989. Passive protection against rotavirus-induced diarrhea by
monoclonal antibodies to the heterotypic neutralization domain
of VP7 and the VP8 fragment of VP4. J. Clin. Microbiol.
27:780-782.

Midthun, K., H. B. Greenberg, Y. Hoshino, A. Z. Kapikian,
R. G. Wyatt, and R. M. Chanock. 1985. Reassortant rotaviruses
as potential live rotavirus vaccine candidates. J. Virol. 53:949-
954.

Morita, Y., K. Taniguchi, T. Urasawa, and S. Urasawa. 1988.
Analysis of serotype-specific neutralization epitopes on VP7 of
human rotavirus by the use of neutralizing monoclonal antibod-
ies and antigenic variants. J. Gen. Virol. 69:451-458.

Offit, P. A., and G. Blavat. 1986. Identification of the two
rotavirus genes determining neutralization specificities. J. Virol.
§7:376-378.

Offit, P. A., R. D. Shaw, and H. B. Greenberg. 1986. Passive
protection against rotavirus-induced diarrhea by monoclonal

RRV VACCINEE IMMUNE RESPONSES TO VP4, VP5*, AND VP8*

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

47.

1397

antibodies to surface proteins VP3 and VP7. J. Virol. 5§8:700-703.
Perez-Schael, 1., M. Blanco, M. Vilar, D. Garcia, L. White, R.
Gonzalez, A. Z. Kapikian, and J. Flores. 1990. Clinical studies of
a quadrivalent rotavirus vaccine in Venezuelan infants. J. Clin.
Microbiol. 28:553-558.

Prasad, B. V., J. W. Burns, E. Marietta, M. K. Estes, and W.
Chiu. 1990. Localization of VP4 neutralization sites in rotavirus
by three-dimensional cryo-electron microscopy. Nature (Lon-
don) 343:476-479.

Prasad, B. V., G. J. Wang, J. P. Clerx, and W. Chiu. 1988.
Three-dimensional structure of rotavirus. J. Mol. Biol. 199:269-
275.

Remington, R. D., and M. A. Schork. 1974. Estadistica biomét-
rica y sanitaria, p. 208-230. Prentice-Hall, Inc., Englewood
Cliffs, N.J.

Richardson, S., and R. Bishop. 1990. Homotypic serum antibody
responses to rotavirus proteins following primary infection of
young children with serotype 1 rotavirus. J. Clin. Microbiol.
28:1891-1897.

Shaw, R. D., K. J. Fong, G. A. Losonsky, M. M. Levine, Y.
Maldonado, R. Yolken, and J. Flores. 1987. Epitope-specific
immune responses to rotavirus vaccination. Gastroenterology
93:941-950.

Shaw, R. D., P. T. Vo, P. A. Offit, B. S. Coulson, and H. B.
Greenberg. 1986. Antigenic mapping of the surface proteins of
rhesus rotavirus. Virology 155:434-451.

Sonza, S., A. M. Breschkin, and I. H. Holmes. 1983. Derivation
of neutralizing monoclonal antibodies against rotavirus. J. Vi-
rol. 45:1143-1146.

Svensson, L., H. Sheshberadaran, S. Vene, E. Norrby, M.
Grandien, and G. Wadell. 1987. Serum antibody responses to
individual viral polypeptides in human rotavirus infections. J.
Gen. Virol. 68:643-651.

Taniguchi, K., Y. Hoshino, K. Nishikawa, K. Y. Green, W. L.
Maloy, Y. Morita, S. Urasawa, A. Z. Kapikian, R. M. Chanock,
and M. Gorziglia. 1988. Cross-reactive and serotype-specific
neutralization epitopes on VP7 of human rotavirus: nucleotide
sequence analysis of antigenic mutants selected with monoclo-
nal antibodies. J. Virol. 62:1870-1874.

Taniguchi, K., W. L. Maloy, K. Nishikawa, K. Y. Green, Y.
Hoshino, S. Urasawa, and A. Z. Kapikian. 1988. Identification of
cross-reactive and serotype 2-specific neutralization epitopes on
VP3 of human rotavirus. J. Virol. 62:2421-2426.

. Taniguchi, K., S. Urasawa, and T. Urasawa. 1985. Preparation

and characterization of neutralizing monoclonal antibodies with
different reactivity patterns to human rotaviruses. J. Gen. Virol.
66:1045-1053.

Taniguchi, K., T. Urasawa, N. Kobayashi, M. U. Ahmed, N.
Adachi, S. Chiba, and S. Urasawa. 1991. Antibody response to
serotype-specific and cross-reactive neutralization epitopes on
VP4 and VP7 after rotavirus infection or vaccination. J. Clin.
Microbiol. 29:483-487.

. Ward, R. L., D. R. Knowiton, H. B. Greenberg, G. M. Schiff,

and D. 1. Bernstein. 1990. Serum-neutralizing antibody to VP4
and VP7 proteins in infants following vaccination with WC3
bovine rotavirus. J. Virol. 64:2687-2691.

Ward, R. L., D. R. Knowiton, G. M. Schiff, Y. Hoshino, and
H. B. Greenberg. 1988. Relative concentrations of serum neu-
tralizing antibody to VP3 and VP7 proteins in adults infected
with a human rotavirus. J. Virol. 62:1543-1549.

. Yeager, M., K. A. Dryden, N. H. Olson, H. B. Greenberg, and

T. S. Baker. 1990. Three-dimensional structure of rhesus rota-
virus by cryoelectron microscopy and image reconstruction. J.
Cell Biol. 110:2133-2144.



